Purpose: The molecular subtype of breast cancer is an important predictive factor. Therefore, we investigated the effects of concurrent or serial radiotherapy and systemic therapy on metastatic brain lesions according to the molecular subtype of breast cancer. Methods: The present retrospective study examined data from 66 patients with breast cancer and metastatic brain lesions, who were treated using radiotherapy between January 1990 and July 2014. Patients were classified into the following three subtypes based on their hormone receptor (HR) and human epidermal growth factor receptor 2 (HER2) status: HR+/HER2− (luminal A, 13 patients), HR+/HER2+ (luminal B, 21 patients), HR−/HER2+ (HER2, 22 patients), or HR−/HER2− (triple negative, 10 patients). The brain lesions and their responses to treatment were evaluated using brain computed tomography or magnetic resonance imaging. Progression of brain disease was defined by a ≥ 20% increase in the sum of the lesion's diameters or the development of a new brain lesion. Progression-free survival was calculated from the initiation of radiotherapy to the first instance of brain disease progression or last follow-up. Results: Patients in the HER2 group who had received concurrent radiotherapy and systemic therapy (mainly HER2-targeted therapy) exhibited significantly better progression-free survival than did patients who had received radiotherapy followed by systemic therapy (p= 0.037). However, concurrent radiotherapy and systemic therapy did not significantly improve progression-free survival in the luminal A (p= 0.527), luminal B (p= 0.462), or triple negative (p= 0.558) groups. Conclusion: Concurrent radiotherapy and mainly HER2-targeted systemic therapy significantly prolonged progression-free survival in the HER2 group.
INTRODUCTION
Radiotherapy is an important treatment option for patients with breast cancer. It is essential to achieve the same level of local control as total mastectomy after breast-conserving surgery [1] . Adjuvant radiotherapy could also improve the overall survival of patients with breast cancer [2, 3] . In the metastatic setting, administering radiotherapy is also an effective strategy. Especially for brain metastasis of breast cancer, radiotherapy is a standard treatment. However, there are no validated clinical factors for predicting the outcomes of radiotherapy.
A Danish Breast Cancer Cooperative Group subgroup analysis of overall survival according to molecular subtype revealed that the hormone receptor (HR) and human epidermal growth factor receptor 2 (HER2) statuses might predict the outcomes of radiotherapy [4] . Furthermore, in our previous retrospective nationwide analysis, postoperative radiotherapy was not associated with a survival benefit among patients with HER2+ breast cancer (p = 0.887) whereas patients with HER2− breast cancer experienced better overall survival after radiotherapy treatment (p = 0.037) [5] . Interestingly, preclinical studies have suggested that HER2 overexpression is related to radiotherapy resistance, as transfection of breast cancer cells with HER2 gene caused radiotherapy resistance [6, 7] . Moreover, several selective inhibitors that target downstream of HER2 signaling can induce radiosensitivity in breast cancer cells overexpressing HER2 [8] . Therefore, we hypothesized that the molecular subtype, particularly the HER2 status, might be associated with response to radiotherapy, and that concurrent ra-
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diotherapy and systemic HER2-targeted therapy might be more effective than radiotherapy followed by systemic therapy in patients with HER2-positive breast cancer.
As mentioned above, radiotherapy is the standard treatment for metastatic brain lesions [9] [10] [11] [12] . The local treatment of brain metastases could be achieved via whole brain radiotherapy (WBRT), stereotactic radiosurgery (SRS), and/or surgery although the prognosis of brain metastasis is poor [12] . Systemic therapy including HER2-targeted therapy is recommended for patients with brain metastases to control extracranial disease after radiotherapy [12] . While adjuvant radiotherapy was performed without residual tumor after effective surgery, the dimensions of the metastatic brain lesion could be measured and the direct effect of radiotherapy with or without concurrent therapy could be evaluated. Thus, we chose metastatic brain lesions as a human in vivo model to investigate the effect of radiotherapy with or without concurrent systemic therapy according to the subtype of breast cancer. This model could be useful for evaluating the tumor response to radiotherapy with or without concurrent systemic therapy. Therefore, in the present study, we retrospectively evaluated and compared the effects of concurrent radiotherapy and systemic therapy on metastatic brain lesions to those of radiotherapy followed by systemic therapy depending on the molecular subtype of the primary breast cancer.
METHODS
We retrospectively analyzed the data from patients with breast cancer and metastatic brain lesions who underwent either WBRT or SRS between January 1990 and July 2014. The WBRT was prescribed at a total dose of 30 Gy delivered in 10 fractions of 3 Gy per day. WBRT was delivered from a linear accelerator using 4 or 6 MV lateral opposed photon fields. The SRS was prescribed at a total dose of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Gy administered in a single fraction according to the size and location of the metastatic tumor. SRS was delivered using CyberKnife (Accuray Co., Sunnyvale, USA).
Patients who completed the planned course of radiotherapy were Progression-free survival was defined as the time from the initiation of radiotherapy to the first instance of brain disease progression, last follow-up, or death. Concurrent therapy was defined as the administration of radiotherapy at the same time as systemic therapy, and serial therapy was defined as the administration of radiotherapy followed by systemic therapy. The systemic therapies that the patients received included cytotoxic chemotherapy, HER2-targeted therapy, and endocrine therapy.
Survival analysis was performed using the Kaplan-Meier method and the results were compared using the log-rank test. The Pearson chi-square test was used to assess differences in the clinicopathological factors between the groups. All results with p-values < 0.05 were considered statistically significant. Data analysis was performed using SPSS version 22 (SPSS Inc., Armonk, USA).
RESULTS
In total, 66 patients were eligible for analysis. The median age was 46.9 (range, 21.2-72.6) years, the median time from breast cancer diagnosis to brain metastasis was 9.0 (range, 0-17.9) years, and the median follow-up period was 9.7 (range, 1.6-65.3) months. The median Thirty-two patients had received concurrent therapy, and 34 patients had received serial therapy. Approximately 31.8% of the patients in the HER2 group were < 50 years old. There was no significant difference in the nodal status or distant metastasis at the time of diagnosis. In the luminal A group, the proportion of patients treated with SRS was higher than those of the other groups (p = 0.004). Most of the patients had received adjuvant chemotherapy (Table 1) . Other metastatic sites that coexisted with the brain lesions when the brain metastasis was diagnosed are described in Table 2 .
There were no statistically significant differences in the brain disease progression-free survivals between the groups (p = 0.757, Figure   1 ). However, there were significantly different tumor responses when we compared the patients who received concurrent and serial therapies depending on the tumor subtypes ( Figure 2 ). In the HER2 group, patients who had received concurrent therapy exhibited a significantly better brain disease progression-free survival compared to patients who had received serial therapy (p = 0.037, Figure 2C ). Among the patients who had received concurrent therapy in the HER2 group, six patients (6/8, 75.0%) were treated using systemic HER2-targeted therapy (trastuzumab or lapatinib). None of the patients had previously been treated with trastuzumab emtansine or pertuzumab. Five patients (5/8, 62.5%) received the same post-diagnosis systemic therapy that was being used before their diagnosis of brain metastasis, and four of these patients had underwent HER2-targeted therapy (Table 1) .
Concurrent therapy did not significantly improve the progression-free survival in the luminal A (p = 0.527, Figure 2A ), luminal B (p = 0.462, Figure 2B ), or the triple negative (p = 0.558, Figure 2D) groups.
DISCUSSION
In the HER2 group, patients who had received concurrent radiotherapy and systemic therapy exhibited significantly better progression-free survival compared to patients who had received serial radiotherapy followed by systemic therapy. However, the benefits of concurrent therapy were not observed in the other subtype groups. Furthermore, to the best of our knowledge, this is the first report to describe the benefit of concurrent radiotherapy and systemic therapy over radiotherapy followed by systemic therapy in the treatment of metastatic brain lesions among patients with HER2+ disease.
Radiotherapy may induce changes in the blood-brain barrier (BBB) permeability, which may explain the benefit of concurrent radiotherapy and systemic therapy on progression-free survival. In an animal model of breast cancer metastasis, the residual brain-tumor barrier generally limited chemotherapy (doxorubicin and paclitaxel) distribution to subtherapeutic levels in the brain, irrespective of the fact that most brain metastases impaired the brain-tumor barrier [13] . These findings clearly highlight the requirement for new drugs that can pass 
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the BBB (e.g., lapatinib) or new treatment modalities that can increase the BBB permeability, thus allowing effective delivery of therapeutic agents to the brain [14] . In this context, a total radiotherapy dose of 20-30 Gy delivered in 2 Gy fractions can increase the BBB permeability, which might allow the therapeutic agent to pass the BBB and exert its therapeutic effect [15] . Furthermore, Ott et al. [16] had measured the BBB permeability in patients undergoing radiotherapy and chemotherapy for primary cerebral lymphoma, using time-sequence positron emission tomography with a radioactive tracer ( 68 Ga-EDTA).
These investigators reported significant permeability changes in the tumor area after radiotherapy, but not around the normal brain, although the permeability near the tumor returned to the level of the normal brain within 5 weeks. Therefore, it appears possible that the better tumor response to concurrent radiotherapy and systemic therapy might be related to radiotherapy-induced changes in the BBB permeability. It is unclear why this benefit was limited to the HER2 group; however, we hypothesize that it could be related to the resistance of HER2+ cells to radiotherapy and the ability of HER2-targeted therapy to sensitize these cells to radiotherapy.
Few clinical studies were conducted to investigate the resistance of breast cancer to radiotherapy according to HER2 status. After a median follow-up duration of 17 years, the Danish Breast Cancer Cooperative Group reported a significantly improved overall survival after post-mastectomy radiotherapy among patients with HR+ and HER2 − breast cancers. However, there was no significant improvement in the overall survival after post-mastectomy radiotherapy among pa- tients with HR− and HER2+ breast cancers [4] . Furthermore, our nationwide analysis of 11,552 patients with T1N0M0 breast cancers revealed a significant improvement in the overall survival after radiotherapy in the HER2− group (p = 0.037) while it did not confer a significant survival benefit in the HER2+ group (p = 0.887) [5] . Moreover, these findings obtained in the adjuvant setting are supported by data from several preclinical studies [6, 8, 17, 18] . For example, radiotherapy resistance was induced when the MCF7 cells, which exhibit standard HER2 expression, were transfected with the HER2 gene for overexpression [6] .
Interestingly, the radiotherapy resistance of MCF7 cells that overexpressed HER2 was reduced when the cells were treated using trastuzumab [6, 18] . Furthermore, HER2-positive breast cancer cells that were treated with selective inhibitors of the PI3K-AKT-mTOR pathway exhibited significantly attenuated expression of p-AKT and p-70S6K, and became sensitized to radiotherapy [8, 18] . Therefore, our findings in the present study agree with the findings from these preclinical experiments, as most of the systemic therapies included HER2-targeted agents, which would suggest that the benefit of concurrent therapy might have been a consequence of radiotherapy sensitivity conferred by HER2-targeted therapy. However, this possibility raises the question of whether HER2-targeted therapy can pass the BBB. For example, lapatinib is a small molecule that can pass through the BBB and diffuse into the brain lesions [14] . Although trastuzumab is a large molecule that normally cannot pass the BBB, it was used in the treatment of 4 patients in the HER2 group that received concurrent therapy. Another study had reported that 64Cu-DOTA-trastuzumab could be used with positron emission tomography to identify primary or metastatic HER2+ breast cancer [19, 20] . Thus, it would appear that trastuzumab could at least pass the BBB; however, there are no data confirming whether trastuzumab reaches therapeutic concentrations in the brain. Furthermore, it is possible that HER2-targeted therapies might pass though the BBB and exert direct therapeutic effects on the lesion instead of indirect effects to increase the radiosensitivity of the lesion. However, all patients who had received concurrent radiotherapy and trastuzumab-containing therapy experienced initial brain metastases during trastuzumab treatment, which would indicate that they had trastuzumab-refractory disease. Therefore, it appears unlikely that the benefit of concurrent radiotherapy and trastuzumab-containing therapy was related to a direct effect of trastuzumab on the metastatic brain lesions, and we speculate that this effect might be related to a radiotherapy-induced increase in BBB permeability, which would allow HER2-targeted therapy to cross the BBB and induce radiosensitivity in the metastatic brain lesions.
The limitations of the present study were its retrospective design and small sample size, and, the proportion of elderly patients of HER2 group was higher than in other patient groups. Therefore, larger prospective studies should be conducted to confirm our findings. However, our results concerning the size of the target lesions are likely accurate, as we performed consistent follow-ups using CT or MRI, which would not typically be used in clinical studies conducted in the adjuvant setting that typically examine disease-free or overall survival.
In conclusion, concurrent radiotherapy and systemic therapy (mainly HER2-targeted therapy) significantly improved the progression-free survival among patients with HER2+ brain disease. We speculate that this might be related to the resistance of HER2+ breast cancer to radiotherapy being overcome by concurrent radiotherapy and HER2-targeted therapy, although larger prospective studies are required to confirm this hypothesis.
